AGNETIC resonance (MR) image-based computerized image processing segmentation 38 provides the first noninvasive, in vivo approach for measuring accurately the volumes of the various intracranial components, including that of the cortical gray and white matter and the cranial subarachnoid space. 12,27 Using MR image-based segmentation to measure these volumes in healthy volunteers (controls), the authors 41 recently reported that the cranial subarachnoid space volume was not only considerably larger than volumes determined by traditional methods 9,16,37 but also that it was approximately five times greater than that reported for the extraventricular cerebrospinal fluid (CSF). Moreover, in agreement with others using conventional 59 or more recent MR imaging methods 25,35 we were able to document that the brain volume of both males and females declines with age. In view of the ability of this technique to define the volume of the various intracranial compartments, we attempted to determine whether parallel measurements in patients with enlarged ventricles might reveal important differences between the various types of hydrocephalus and possibly provide a better insight into the pathophysiology of these abnormalities.
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Using MR image-based segmentation to measure these volumes in healthy volunteers (controls), the authors 41 recently reported that the cranial subarachnoid space volume was not only considerably larger than volumes determined by traditional methods 9, 16, 37 but also that it was approximately five times greater than that reported for the extraventricular cerebrospinal fluid (CSF). Moreover, in agreement with others using conventional 59 or more recent MR imaging methods 25, 35 we were able to document that the brain volume of both males and females declines with age. In view of the ability of this technique to define the volume of the various intracranial compartments, we attempted to determine whether parallel measurements in patients with enlarged ventricles might reveal important differences between the various types of hydrocephalus and possibly provide a better insight into the pathophysiology of these abnormalities.
The CSF compartments may enlarge because of blockage of the fluid pathways or fill in for lost cerebral substance. It may be difficult, especially in the elderly, to distinguish dilation of the fluid spaces due to impaired absorption of the fluid from that due to loss of cerebral substance, hydrocephalus ex vacuo. It is now possible to measure the ventricles, subarachnoid fluid volumes, and the brain volume, as well as the constituent proportions of gray and white matter using noninvasive MR imagebased computerized segmentation.
Periventricular and deep white matter hyperintensities were also identified in T 2 -weighted images of patients with hydrocephalus or with Alzheimer's disease (AD). The hyperintensity is probably the result of a pathological increase in tissue water and subsequent prolongation of T 2 relaxation time. 8, 70 In hydrocephalic patients periventricular hyperintensities are due to transependymal migration Departments of Neurosurgery and Radiology, Brigham and Women's Hospital, and Department of Neurosurgery, Children's Hospital, and Harvard Medical School, Boston, Massachusetts; Department of Neurosurgery, Tokai University School of Medicine, Kanagawa, Japan; and Department of Psychiatry, Massachusetts General Hospital, Boston, Massachusetts ߜ Magnetic resonance image-based computerized segmentation was used to measure the volumes of the brain, gray and white matter components, and to identify regions with prolonged enhancement on T 2 -weighted imaging, such as periventricular or deep white matter hyperintensities. The authors also determined the volumes of the ventricles and subarachnoid space in control subjects and in patients with: 1) aqueductal stenosis (AS); 2) other causes of obstructive hydrocephalus (OH); 3) Alzheimer's disease (AD); and 4) normal-pressure hydrocephalus (NPH). In AS the volume of the brain was smaller, whereas that of ventricles and subarachnoid cerebrospinal fluid space was larger than that of controls. The decrease in brain volume was due primarily to white matter loss. Although in OH the ventricles were larger, the subarachnoid space was smaller than in controls, presumably due to encroachment by the brain, in which the volume remained unchanged. In AD, loss of both gray and white matter resulted in a smaller brain volume, whereas that of ventricles and subarachnoid space was larger than in controls. In NPH patients, only ventricular volume was greater, whereas all other compartments were similar to controls. The brain normally occupies 87% to 92% of the intracranial volume and consequently, as observed in our patients, relatively small decrements in brain size lead to large increments in ventricular and/or extraventricular volumes. The magnitude of such changes differed markedly among our patient groups, and whether such changes prove useful in clinical assessment and differentiation needs to be determined.
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M of CSF from the enlarged ventricles. This phenomenon was described in experimental models of hydrocephalic animals 55, 56 and demonstrated by computerized tomography (CT) as periventricular lucency. 29, 32, 46 Transependymal CSF migration was also demonstrated by MR imaging. Both patients with AD and age-matched controls present with hyperintensities in the deep white matter seen on T 2 -weighted images. 42, 58 Histopathologically, the denudation of the ventricular ependyma and the gliosis are more severe in AD than in controls, and there is a trend toward more loss of myelinated axons in the deep white matter of the brains of patients with AD. 58 In healthy elderly subjects, the incidence of white matter lesions tends to increase with age. 5, 48, 52, 61, 66 
Clinical Material and Methods

Patient Characteristics
This study was reviewed and approved before its inception by the institutional human research committee. Twenty-eight men and 42 women ranging in age from 27 to 80 years were studied. The patients included six with clinical and radiographic diagnoses of aqueductal stenosis (AS), seven with other causes of obstructive hydrocephalus (OH), 14 with a clinical diagnosis of idiopathic normal-pressure hydrocephalus (NPH), and 14 with a clinical diagnosis of probable AD. All patients underwent MR studies between June 1988 and November 1991 at the Brigham and Women's Hospital in Boston. They were compared with normal volunteers who were studied during the same time period. These normal controls, who were selected to provide the best match for the sex and age distribution of the respective patient groups, are volunteers in the large database of the Normative Aging Study at the Boston Veterans Administration Out Patient Clinic. The initial entry criteria for the group of volunteers were that at the time of the study volunteers had to be free of any severe neurological and psychiatric disorders including drug abuse or alcoholism.
Ventricular enlargement due to AS was distinguished on MR images by the usual criteria: normal fourth ventricle and enlarged third and lateral ventricles, associated with absence of CSF flow void in the sylvian aqueduct. Cases of OH included two germ-cell tumors in the pineal region, two pineoblastomas, one cerebellar astrocytoma, one cerebellar meningioma, and one pontine glioma. They had a clinical syndrome of increased intracranial pressure (ICP) with serious hydrocephalus. The patients with a clinical diagnosis of probable AD met the National Institutes of Neurological Disorders and Stroke/Alzheimer's Disease Research Association criteria 43 and that used by the Alzheimer study group at the Brigham and Women's Hospital. All NPH cases exhibited recent memory disturbances, 11 had gait disturbances, and four had incontinence. Of the 10 who had received ventriculoperitoneal shunts at our institution, five patients improved dramatically and five showed partial improvement. The characteristics of the control subjects and the various patient groups are shown in Table 1 .
Magnetic Resonance Imaging Procedures
Axial MR images of the brains were obtained on a 1.5-tesla Signa Imaging System (General Electric Medical Systems, Milwaukee, WI) using double-echo (echo times 30 and 80 msec), long-repetition time ((TR) 2000-4000 msec), multislice (interleaved 3-or 5-mm thick slices), spin-echo data and 192 phase encoding, and a half Fourier technique. The images covered the entire brain from the vertex to the foramen magnum, and after transfer via a network the data were processed on an MR console (Sun Microsystems, Mountain View, CA) with programs developed by General Electric Medical Systems and the Surgical Planning Laboratory of the Brigham and Women's Hospital. Details of the segmentation procedure, accuracy, and reliability are cited in previous reports.
10,11 Figure  1A and B shows paired proton density and T 2 -weighted images obtained in a normal subject. A scatterplot (Fig.  1C) is derived by plotting the pixel signal intensities from the proton and T 2 -weighted images. Proton density images were used to identify air and bone (for background), gray and white matter, and extracranial tissue. The T 2 -weighted images were used to identify brain and CSF. The selected loci for gray matter were the frontal cortex, cerebellar cortex, dentate nucleus, and head of the caudate nucleus. Loci for white matter were the internal capsule, cerebral peduncle, splenium, and genu of the corpus callosum, whereas those for CSF were the cerebellopontine and prepontine cisterns, both of the anterior horns, and the trigone of the lateral ventricles. Each selected locus appears on the scatterplot, and computer interpolation is used to calculate the nearest neighbor and to create a feature map (Fig. 1D) . The latter is then used to derive the segmented images (Fig. 1E ) from which the computer automatically extracts the signal for extracranial tissues. Correction for ventricular CSF is made semiautomatically with a connectivity program 10 that generates the final segmented image (Fig.  1F) . The areas in centimeters squared are then calculated from the final segmented image by counting pixels. The volumes in centimeters cubed are generated by * Values are given as means Ϯ standard deviation. † Both 56-year-old control subjects were men and each was assigned to a different age group on the basis of establishing an adequate age and sex distribution for the respective patient groups. multiplying the segmented image by the slice thickness. Unfortunately, values of gray and white matter could not be accrued from patients in the OH group because the variance in tumor volume and type precluded meaningful segmentation. Thus, in these patients segmentation has been selected for brain tissue only. Gray and white matter, ventricular and extraventricular CSF, and brain lesion volumes were determined separately and their sum yielded the intracranial volume. Brain volume was the sum of gray and white matter. All values are reported as means Ϯ standard deviation (SD) of the means.
Finally, the authors developed three-dimensional reconstructed images of ventricles and lesions from the segmented images using the MR console program in each group to determine the relationship between the lesions and the ventricles.
Two different values were used for the TR and for the slice thickness. No significant difference was observed in the absolute and relative values for brain volume, extraventricular CSF, and ventricle volume when these two parameters were interchanged in control subjects.
Assessment of Error
To assess the error (SD/mean) of these measurements, segmentation and volumetric determinations were repeated three times in two controls, two NPH cases, one AD case, and one AS case randomly selected from our groups. To reduce bias repeat, measurements in each of these individuals were separated by intervals of more than 3 weeks. Repeat segmentation and volumetric determination of the six selected cases indicated a measurement error of 3.2%, 3.5%, 5.5%, and 7.9% for the gray and white matter, ventricle and extraventricular CSF volumes, respectively.
Statistical Methods
The nonparametric Mann-Whitney U-test was used to determine significance between the control and patient group values because the distribution of each patient group was observed to be skewed and not normal. A commercially available software package (Statview; Abacus Concepts, Inc., Berkeley, CA) was used to make the analysis. Table 1 shows that the average age and sex distributions of the younger and older patient groups were comparable to those of the respective control groups. The average volumes for the intracranial compartments in the respective control and patient groups are shown in Table 2 .
Results
